Abstract. The presence of mixed valency in unconventional superconductors is a necessary consequence of the fact that there is chemical equilibrium between the atoms of a transition element having different oxidation states. Consequently, phases described by stoichiometric formulas such as FeSe, Ba(FeAs) 2 , La 2 CuO 4 etc. deviate in fact from their nominal compositions. These deviations can be considered as doping by replacing some of the cationic atoms Fe II and Cu II in the conducting units by small amounts of Fe and Cu in higher, sometimes in lower oxidation state.
Introduction
In the earliest studies of oxidic superconductors it was shown that these materials contain metal atoms in more than one valence state. For example, BaPb 1Àx Bi x O 3 [1] contains trivalent Bi III and pentavalent Bi V atoms 1 , and La 2Àx Ba x CuO 4 [2, 3] contains Cu II and Cu III . Several authors pointed out that "the oxygen nonstoichiometry, i.e. the mixed valence Cu(II)--Cu(III), has a strong influence on superconductivity" [4] and that "a mixed-valence situation is essential for Cu high T c superconductivity" [5] . Typically, the valence values of the atoms are given as integers þ1, þ2, and þ3 for Cu, þ3 and þ5 for Bi, and þ2 and þ3 for Pu in the superconducting alloys PuCoGa 5 and PuRhGa 5 [5] , etc. This indicates that the atoms are considered to have their classical valence that is commonly used in the chemical literature and which is called stoichiometric valence, stoich V [6] . Although it had been reported that FeSe [7, 8] and FeSe 1Àx Te x [9, 10] , when both have a TE : CH 2 ratio of 1 : 1 and are superconducting at low temperatures, other studies gave contradicting results. They gave strong evidence that for example in a-iron selenide "Se vacancies are necessary for producing the high-temperature superconducting state" [12] . In other words, unconventional superconductivity appears only in nonstoichiometric FeSe 1Àx , or Fe 1Ày Se as it is sometimes described [13, 14] .
Although a large number of oxocuprates have carefully been studied, no one with simple stoichiometry has been found to become superconducting at low temperatures or increased pressure, unless they are electron or hole doped with heterovalent atoms. Such doping leads almost inevitably to oxidation or reduction of part of the Cu II atoms to Cu III or Cu I , in agreement with statements made in [4] and [5] . It seems, that at present no unconventional superconductor is known, in which all cations of the conducting layers have the same stoich V value. It is shown here that the nonstoichiometry is a necessary consequence of chemical equilibrium between atoms of different stoichiometric valence (oxidation number) of an element. In addition, based on electronegativity values it is demonstrated that for individual superconductors bonds between atoms of the conducting units have predominantly higher covalent character than bonds between conducting units and the so-called charge reservoirs, and bonds within charge reservoirs, which are usually strongly ionic. 
Dynamical equilibria in transition-metal compounds
or in short
the law of a mass action leads to
and
Here the quantities in square brackets are the active masses (concentrations) of the reactants and the values of the constants depend on the temperature and pressure conditions during the reactions. For the equilibrium between stoichiometrically mono-, di-and trivalent copper, Cu I , Cu II and Cu III ,
this leads to
These equations clearly show that, strictly speaking, iron and copper atoms can not exist in only one oxidation state. Even if one of the oxidation states is strongly dominating, there is always an equilibrium between atoms of all oxidation states of an element. The equilibrium stage is strongly dependent on the anion fugacity, in oxidic systems on the oxygen fugacity. Consequently, formulas such as FeSe or La 2 CuO 4 are stoichiometrically not correct but only idealised; they should rather be written as Fe 1Àx Se and La 2 CuO 4þd .
A table of the known oxidation states of the elements [15] shows that all transition elements, with the exception of, at present, Zn and Cd, exist in two or more oxidation states. Taking into account that there is an equilibrium between atoms of an element that have different stoich V values, it follows that in compounds of transition elements such as Fe, Co, Ni, Cu, Ru, etc., these atoms are always in a stoichiometrically mixed-valence state. Even if in a compound one of the stoich V values dominates strongly, the others coexist with the dominant one. The corresponding superconducting compounds can be considered to be doped by heterovalent atoms of the same element. A causal connection between superconductivity and mixed valency cannot be proven or disproven because compounds in which all transition-element atoms have the same stoich V value do not exist. Therefore, the statement that "a mixedvalence situation is essential for (unconventional) superconductivity" [5] , can neither be proven nor disproven. The mixed-valence situation can not be considered as a criterion to distinguish between superconducting and nonsuperconducting transition-element compounds. In addition, small differences of experimental values of the critical temperature T c of superconducting materials have to be expected because of slightly differing oxygen-fugacity values during syntheses which cause different degrees of doping.
Bond character in superconductors
There seems to be general agreement, that the majority of unconventional superconductors consist of conducting units, cu, in which the Cooper-paired electrons flow without resistance, and of electron-providing units, epu, often called charge reservoirs. The latter transfer part of their valence electrons to the conducting units. The general chemical formula of the superconductors can, therefore, be written as {epu} |cu| .
To study the bond character within the different parts of a superconductor, one has to be aware that four parts contribute to the character of each bond:
The first three terms of Eq. (4) consider the exchange of electrons between the atoms; the van der Waals term takes into account dipol moments produced if the centre of gravity of positive and negative charges do not coincide. Since this latter term is in general much smaller than the first three terms, it is common practice to neglect the van der Waals contribution and to take into account only the first three contributions. According to Pauling [16] , the ionicity can be estimated with the empirical equation
where c 1 and c 2 are the electronegativity values of the two atoms forming the bond. There seems to be no reason to assume that bonds within unconventional superconductors, such as oxocuprates and transition-element based chalcogenides and pnictides, have considerable metallic character. Since, in addition, the accuracy of the crystal structure refinements of these superconductors and their parent compounds is too low to derive metallicity values by application of the atoms in molecules method AIM [17] , the sum of the first two terms of Eq. (4), ionicity and covalency, are used to derive a first approximation of the bond character.
In Table 1 , for a selection of widely different unconventional superconductors and corresponding parent-compounds the electronegativity values [18] of the atoms are given, together with the electronegativity differences D i ¼ |c i À c iþ1 | of their respective bonds. Here the bonds are arranged in the order of the more detailed formula , the structure of which is shown in Fig. 1 .
The larger |c i À c iþ1 | the more ionic the bonds are, whereas more covalent bonds have lower values of |c i À c iþ1 |. From the data listed in Table 1 it is obvious that the ionicity and covalency of the bonds within the conducting units and the bonds between conducting units and neighbouring atoms of the electron-providing units, epu, can vary considerably. However, for each example given, the bonds between the atoms of the conducting units have considerably lower D values (D 1 ) than their corresponding bonds between atoms of the conducting units and the epus (D 2 ) and bonds between atoms within the epus (D 3 , D 4 ). This indicates that bonds within the conducting units are more covalent than bonds between conduction units and electron-providing units, and bonds within the latter. Extending the number of examples given in Table 1 would not change this trend remarkably.
In unconventional superconductors in which the conducting layers cu are not separated by electron-providing atoms, the bonds between neighbouring conducting layers have van der Waals character.
All bonds with |s ij | ¼ 0.1 vu are drawn. Unit cells are indicated by thin-line parallelepipeds.
Summary
1) From the general concept of chemical equilibrium it is concluded that in each unconventional superconductor and superconductor parent-compound there is always equilibrium between the transition-element atoms within the conducting units that have different oxidation numbers. It is, therefore, not possible to prove whether there exists a causal connection between mixed valency and unconventional superconductivity. Simplified stoichiometric formulas with the transition-element atoms in only one oxidation state, such as FeSe and La 2 CuO 4 do not give the correct composition of a compound but are idealised. The presence of small concentrations of the minority oxidation state atoms can be considered as doping.
2) In an individual unconventional superconductor or superconductor parent-compound the bonds within the conducting units are more covalent than the bonds between conducting units and electron-providing units and bonds within the electron-providing units. This may indicate that it depends on the bond character of the various constituents whether a compound can become a superconductor or not at low temperature, elevated pressure or by doping.
3) These results show that the action of electrons is twofold: They act as charge carriers and they are responsible for the bonding between the atoms. For deeper insight into unconventional superconductivity both aspects have to be considered. 
